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Pig-a, an X-linked gene, is a key component of gly-
cosylphosphatidylinositol (GPI) anchor biosynthesis
based on the fact that lack of this gene causes de®-
ciencies of hundreds of GPI-anchored proteins. We
previously demonstrated an essential role for the
GPI-anchor in keratinocyte differentiation using
male Pig-a knockout mice (K5-Cre:Pig-a ¯ox). Here
we analyzed keratinocytes of the female K5-Cre:
Pig-a ¯ox/+ mice with heterozygous knockout of
Pig-a. These cells exhibited the mosaic pattern of
GPI-anchor positive and negative expression typical
of random inactivation of the X chromosome. The
female K5-Cre:Pig-a ¯ox/+ mice appeared slightly
wrinkled with dry skin at birth and white scales start-
ing from 4 d after birth without any histologic
abnormality. This phenotype was temporary and
milder than that seen in the male knockout mice. To
characterize the fate of GPI-anchor-positive cells
more clearly, we introduced a transgenic mouse line
that expresses enhanced green ¯uorescent protein
in GPI-anchored form into female K5-Cre:Pig-a
¯ox/+ mice and monitored GPI-anchor-positive
keratinocytes in situ. Within 36 h after birth, the
upper layer of the GPI-anchor-negative zone in epi-
dermis was replaced by the GPI-anchor-positive
counterpart. This tissue replacement was accompan-
ied by recovery in trans-epidermal water loss over a
similar time course. These observations suggest that
the GPI-anchoring is associated with the barrier func-
tion as well as with organized differentiation of the
epidermis after birth. Key words: Cre/loxP/EGFP/Pig-
a/X-inactivation. J Invest Dermatol 118:998±1002, 2002
G
lycosylphosphatidylinositol (GPI) serves as an anchor
for many cell surface membrane proteins with a
diverse range of functions, such as decay accelerating
factor, alkaline phosphatase, and heat-stable antigen
among others (Kinoshita et al, 1995). This GPI-
anchor is synthesized in the endoplasmic reticulum where it is
linked en bloc to the would-be GPI-anchored proteins containing
the appropriate signal sequences (Moran et al, 1991). GPI-anchored
proteins completed in the endoplasmic reticulum are then
transferred to and reside on the cell surface. Failure in GPI
biosynthesis accordingly results in the failure of expression of these
proteins on the cell surface.
GPI-anchor synthesis is a multistep process involving a series of
gene products. All the genes involved in GPI biosynthesis have
been shown to be autosomal except Pig-a, which is located on the
X chromosome (Kinoshita et al, 1997). The Pig-a gene is involved
in the initial step of GPI-anchor synthesis (Miyata et al, 1993). As
there is only one allele of functional Pig-a in cells from both males
and females (due to X chromosome inactivation), functional
somatic mutation of one Pig-a allele would cause failure of GPI-
anchor biosynthesis. A well-characterized example is human
paroxysmal nocturnal hemoglobinuria (PNH), in which an
acquired PIG-A somatic mutation causes de®ciencies of GPI and
its anchored proteins in some hematopoietic stem cells and their
progeny (Takeda et al, 1993). The lack of some GPI-anchored
proteins such as decay accelerating factor and CD59 was shown to
be responsible for the clinical manifestations of PNH (Rosse, 1991).
PNH caused by other genes involved in GPI-anchor biosynthesis
has not been reported, possibly because simultaneous mutation in
both functional alleles is very rare (Takeda et al, 1993).
To date, no case of acquired human skin disease has been clearly
shown to be associated with a GPI-anchor de®ciency by PIG-A
mutation. This may be due to the germ line mutation of Pig-a,
which is lethal at early embryonic stages (Kawagoe et al, 1996;
Nozaki et al, 1999). Alternatively, as there is a huge reservoir of
keratinocyte stem cells (basal keratinocytes), acquired GPI-anchor
de®ciency in a small number of keratinocytes might not have
discernible manifestations, in marked contrast to PNH where a few
clones of PIG-A mutated hematopoietic stem cells cause the disease
(Luzzatto et al, 1997).
Recently, we established a tissue-speci®c Pig-a gene knockout
system by crossing K5-Cre transgenic mice with a Pig-a ¯ox line.
With this system, the ¯oxed Pig-a gene is knocked out in basal
keratinocytes and their progeny where the expression of Cre gene
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is under the control of the K5 promoter. Male Pig-a knockout mice
live for only a short time, 1±3 d after birth, suggesting an important
role for GPI-anchored proteins in epidermal development. In
contrast, most female Pig-a knockout mice survive (Tarutani et al,
1997).
This study was performed to determine the impact of GPI-
anchor de®ciency in keratinocytes in the long-term surviving
female mice, in which the Pig-a gene was knocked out at the
keratinocytes. To better observe the successive changes in GPI-
anchored proteins, we further introduced an EGFP-GPI (GPI-
anchored green ¯uorescent protein) transgenic mouse line
(Kondoh et al, 1999) into this system. This easily traceable green
¯uorescent fusion protein served as an endogenous GPI-anchored
protein. If there were a GPI-anchor de®ciency in the skin due to
Pig-a gene knockout, GPI-anchored EGFP would be lost, and thus
would offer an ef®cient marker for analyzing the GPI-anchor and
its anchored proteins.
MATERIALS AND METHODS
Mice K5-Cre, Pig-a ¯ox (Tarutani et al, 1997) and EGFP-GPI
transgenic mice (Kondoh et al, 1999) were maintained under speci®c
pathogen-free conditions at the animal facility of Osaka University
School of Medicine. In addition, a fourth group of transgenic mice,
X-EGFP, was established; the CAG-EGFP fragment was inserted on the
X chromosome by injecting the transgene into pronuclei of
B6C3F1 3 B6C3F1 fertilized eggs. The incorporation of the transgene
was examined by shedding a 365 nm hand-held ultraviolet light (Model
UVL-56; UVP Upland, CA) onto newborn pups. The founder mice
were mated with B6C3F1 mice and the transgenic lines were established.
Each line was subjected to ¯uorescence in situ hybridization analysis to
analyze the incorporation site of the transgene. One of the lines that
harbored X-linked EGFP transgene was used for the control experiment.
Polymerase chain reaction screening Genomic DNA from the
mouse tail was used as the template. A pair of primers, Kr1 (5¢-
ATGCCAATGC CCCCT CAGTTCCT) and Kr2 (5¢-TGCCCCTTT-
TTATCCCTTCCAGA), was used to screen for the K5-Cre transgene;
another pair of primers (primer 1, 5¢-ACCTCCAAAGACTGAGC
TGTTG; primer 2, 5¢-CCTGCCTTAGTCTTCCCAGTAC) was used
for detection of the Pig-a ¯ox allele. Polymerase chain reaction
conditions were as described previously (Tarutani et al, 1997).
Histologic and GFP auto¯uorescence analysis Skin specimens taken
at different time points after birth were ®xed in 10% neutral
formaldehyde solution, embedded in paraf®n, and cut into 4 mm
sections, which were stained with hematoxylin±eosin. For EGFP
auto¯uorescence analysis, skin specimens were ®xed in paraformaldehyde
overnight and embedded in OCT compound (Sakura Finetek, Torrance,
CA). The subsequent sections were subjected to ¯uorescent microscopy
(Olympus, Tokyo, Japan; emission ®eld, 425/60 nm; absorption ®eld,
480 nm).
Skin permeability assay The untreated embryos were incubated with
methanol for 5 min and rinsed with phosphate-buffered saline, followed
by incubation in 5% hematoxylin (Hardman et al, 1998).
Gravimetric trans-epidermal water loss (TEWL) Gravimetric
TEWL was measured as described previously (Nolte et al, 1993). Skin
samples were placed dermal side down on Para®lm and the lateral edges
were sealed with petroleum jelly to prevent water loss. Skin samples
were weighed hourly at ambient temperature (25°C) and humidity (50%)
over a period of 6 h.
RESULTS
Phenotype of K5-Cre:Pig-a ¯ox/+ female mice We
previously reported that complete knockout of the X-linked Pig-
a ¯ox allele in keratinocytes by K5-Cre caused a severe
differentiation defect in the corni®ed layer and neonatal death
probably due to dehydration (Tarutani et al, 1997). As disruption of
Pig-a resulted in a GPI-anchor de®ciency, the GPI-anchor was
suggested to have an essential role in the development of the
epidermis. In contrast to this complete knockout found in male K5-
Cre:Pig-a ¯ox mice, female K5-Cre:Pig-a ¯ox/+ mice had a complex
and milder phenotype. In female mice, only one X chromosome is
active due to random X inactivation. If the Pig-a ¯ox allele is active
and Cre-mediated disruption is complete, GPI-anchor synthesis is
abolished. If the wild-type allele is active, GPI-anchor synthesis is
always normal irrespective of Pig-a disruption. Thus, theoretically,
half of the keratinocytes in K5-Cre:Pig-a ¯ox/+ female mice will be
GPI-anchor positive, whereas the rest will be negative. Although
female K5-Cre:Pig-a ¯ox/+ mice showed slightly wrinkled and dry
skin compared to wild-type littermates at birth, white scales began
to appear at 4 or 5 d thereafter (Fig 1A) and the scales were most
apparent from days 7±10. These abnormalities were gradually
ameliorated and completely disappeared after about 4 wk (Fig 1B).
Scaly macules or patches were distributed on the skin of every part
of the body except the footpads (data not shown).
Histologic examination revealed that the epidermis from female
K5-Cre:Pig-a ¯ox/+ mice had no apparent abnormality compared
to control littermates at 5 d (Fig 1C, D) and 4 wk after birth (data
not shown). We examined the barrier function of female
K5-Cre:Pig-a ¯ox/+ neonates with hematoxylin dye. Consistent
with histologic ®ndings, we did not ®nd any dye penetration in
either the female K5-Cre:Pig-a ¯ox/+ mice or the control
littermates although we observed de®nite dye penetration in male
K5-Cre:Pig-a ¯ox mice (data not shown). We cannot exclude the
possibility that the dye penetration assay was not sensitive enough
to detect the barrier defect in the female K5-Cre:Pig-a ¯ox/+ mice,
however.
Experimental strategy to analyze the fate of GPI-anchor-
negative keratinocytes To follow the dynamics of GPI-
anchor-negative keratinocytes in situ, GPI-anchored EGFP was
used as a probe. EGFP-GPI transgenic mice, in which transgene
expression was driven by a ubiquitous and very strong promoter,
CAAG, were crossed with Pig-a ¯ox mice to obtain double
transgenic female mice (EGFP-GPI; Pig-a ¯ox/¯ox). The double
transgenic females were subsequently crossed with male K5-Cre
transgenic mice to obtain triple transgenic mice (K5-Cre; EGFP-
GPI; Pig-a ¯ox/+) (Fig 2A). In the female triple-positive mice,
only one X chromosome was active due to random inactivation of
the X chromosome as described above. In the epidermis of triple-
positive females, theoretically half of the keratinocytes would have
GPI-anchored proteins on their cell surface, whereas the rest would
not, resulting in a mosaic epidermis for GPI biosynthesis. The
presence of GPI-anchors was easily detected by the ¯uorescence of
EGFP (Fig 2B).
The upper layer of the epidermis with GPI-anchor-negative
keratinocytes was replaced by wild-type keratinocytes early
after birth Occupancies of GPI-anchor-positive and GPI-
anchor-negative keratinocytes were monitored in neonatal triple
transgenic female mice. As shown in Fig 3(A), GPI-anchor
positive and negative zones were visualized and formed columnar
structures at 8 h after birth (Mackenzie, 1997). As expression of
EGFP was detected in the whole epidermis from triple transgenic
females by in situ hybridization (data not shown), EGFP-negative
zones were due to a de®ciency of GPI-anchor biosynthesis. At this
time point, TEWL was increased (Fig 3C). In contrast, the upper
layers of the epidermis with GPI-anchor-negative zones were
replaced by GPI-anchor-positive keratinocytes at 36 h after birth
(Fig 3D). Simultaneously, their TEWL returned to normal
(Fig 3F).
The replacement of upper epidermis was continuously observed
in adults (Fig 4A). To examine whether this replacement pattern is
a ubiquitous phenomenon for epidermal development, we analyzed
X-linked EGFP female transgenic (X-EGFP) mice in which the
EGFP gene was inserted in one of the X chromosomes. The
replacement was not observed in the epidermis of X-EGFP female
mice (Fig 4B). These observations suggested that the com-
pensation of the upper epidermis observed in triple transgenic
mice was speci®c for the de®ciency of GPI-anchor molecules in
keratinocytes.
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DISCUSSION
Compensation mechanism at the upper layer of the
epidermis would explain normalized TEWL in female K5-
Cre:Pig-a ¯ox/+ mice We reported previously that complete
Pig-a knockout in the epidermis caused an abnormality in terminal
differentiation (Tarutani et al, 1997). The lamellar lipid structure in
corni®ed cells was totally impaired. It was therefore proposed that
the GPI-anchor was essential for establishment of the corni®ed lipid
layer.
In contrast to the severe skin phenotype found in male complete
Pig-a knockout mice (K5-Cre:Pig-a ¯ox), mosaic Pig-a-de®cient
female mice (K5-Cre:Pig-a ¯ox/+) showed a milder phenotype.
Although the Pig-a-de®cient female mice had scaly skin at 4±5 d
after birth, there was no difference between Pig-a-de®cient and
control mice in histologic examinations. Even in male complete
Figure 2. Experimental strategy to analyze
the fate of GPI-anchor-negative keratino-
cytes in the epidermis. (A) Pedigree to generate
triple transgenic mice. (B) Schematic repre-
sentation of EGFP expression in triple transgenic
mice. In female triple transgenic mice, one of the
X-linked Pig-a alleles was inactive due to random
X chromosome inactivation. In the dermis, ¯oxed
Pig-a was not disrupted because of the lack of
expression of Cre from the K5-Cre transgene.
EGFP-GPI was therefore always visualized. In the
epidermis, ¯oxed Pig-a was disrupted at the basal
layer, resulting in half of the keratinocytes being
EGFP-GPI negative.
Figure 1. Skin phenotypes of K5-Cre:Pig-a
¯ox/+ and wild-type mice. Photographs show
the mice at 4 d (A) and 4 wk (B) after birth. The
upper one is the wild-type and the bottom is a
K5-Cre:Pig-a ¯ox/+ mouse. At 4 wk after birth,
there were no obvious abnormalities in female
K5-Cre:Pig-a ¯ox/+ mice. Histologic sections
stained with hematoxylin±eosin are shown in (C)
and (D). The epidermis was obtained from wild-
type (C) and K5-Cre:Pig-a ¯ox/+ (D) mice at 5 d
after birth. Histology with higher magni®cation is
shown in the insets. Scale bar: 20 mm.
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Pig-a knockout mice, histologic differences were limited to the
corni®ed layer (Tarutani et al, 1997).
The dynamic changes of the phenotype found in K5-Cre:Pig-a
¯ox/+ prompted us to investigate the fate of GPI-anchor-positive
and GPI-anchor-negative cells in the mosaic epidermis. The results
described here clearly indicate that replacement with GPI-anchor-
positive keratinocytes occurred in the upper layer of the epidermis
at 36 h after birth. If the replacement had taken place at the
corni®ed layer, GPI-anchored proteins themselves should migrate
to the GPI-anchor-negative zone. This is unlikely, however,
because the ¯uorescence negative zones remained as they were in
X-EGFP mice. It is likely that the replacement occurs at granular
cells and not in the corni®ed layer. It remains to be determined
whether replacement with GPI-anchor-positive keratinocytes
causes normalized TEWL, as spontaneous TEWL recovery has
been reported in autosomal knockouts (Imakado et al, 1995).
EGFP-GPI-anchor transgenic mice are a useful tool for
exploring the functions of GPI in situ More than a hundred
proteins are anchored to the plasma membrane by a special
glycolipid termed GPI, designated as GPI-anchored proteins. The
core of the GPI-anchor is highly conserved among eukaryotes. In
Figure 4. Speci®city of compensation with
GPI-anchor-positive keratinocytes. In female
triple-positive mice, compensation was observed
in the tail skin of adult mice (A). No
compensation was observed in adult X-EGFP
mice (B). Ep, epidermis; Derm, dermis. Scale bar:
20 mm.
Figure 3. Correlation between TEWL and replacement with GPI-anchor-positive cells. Eight hours after birth, no replacement was observed
(A) and TEWL was abnormal (C). Thirty-six hours after birth, replacement with GPI-anchor-positive keratinocytes was seen in the upper layer of the
epidermis (D) and TEWL was simultaneously normalized (F). The phase sections to (A) and (D) are presented in (B) and (E), respectively. The arrows
in (A) indicate the EGFP-GPI-negative area. The bars in (C) and (F) indicate standard errors. An asterisk denotes a signi®cant difference (p < 0.05). Ep,
epidermis; Derm, dermis. Scale bar: 100 mm.
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contrast to the conservation of the GPI portion, the protein
portions of GPI-anchored proteins are diverse.
The X-linked Pig-a is involved in the ®rst step of GPI-anchor
biosynthesis. Disruption of Pig-a therefore results in complete
absence of GPI-anchored proteins on the plasma membrane.
Conventional Pig-a knockout causes embryonic lethality in mice,
probably due to multiple de®ciencies in GPI-anchored proteins
(Kawagoe et al, 1996; Rosti et al, 1997).
Conditional alteration of the Pig-a gene by the Cre/loxP system
has been utilized to examine the functions of GPI-anchored
proteins in various organs. T-cell-speci®c GPI-anchor de®ciency
caused by the LCK-Cre transgene displayed a minimal effect on T
lymphocytes (Takahama et al, 1998), whereas keratinocyte-speci®c
GPI-anchor de®ciency caused by K5-Cre resulted in disorganized
lipid structures in the corni®ed layer, which may lead to
dehydration (Tarutani et al, 1997). These observations demon-
strated that the GPI-anchor or GPI-anchor proteins have different
functions in various tissues.
Keller et al recently produced Pig-a-de®cient mosaic mice by
crossing Pig-a ¯ox and EIIa-Cre mice in which Cre is expressed
transiently at the early stage of embryogenesis, and reported that
Pig-a null and wild-type somatic cells contributed equally to the
spleen and thymus. In contrast, in the heart, lung, kidney, brain,
and liver the contribution of Pig-a null cells was much less than that
of wild-type cells (Keller et al, 1999). This study indicated that the
contribution of GPI-anchor-negative cells is also tissue or organ
dependent. Their analysis relied on the methylation status of the
Pig-a locus so that preparation of DNA from each tissue or organ
was required. Therefore, it is dif®cult to analyze the precise nature
of GPI-anchor-positive and GPI-anchor-negative cells in situ.
In this study, the fate and dynamics of GPI-anchor-positive and
GPI-anchor-negative keratinocytes were visualized in the epider-
mis. Although GPI-anchor-positive cells replaced mutant cells in
the upper layer of the epidermis, no replacement of spinous or basal
cells occurred. Therefore, DNA analysis from the whole epidermis
would not allow prediction of the replacement of GPI-anchor-
positive cells at the upper layer of the epidermis. Studies using
EGFP-GPI-anchor transgenic mice will allow determination of the
time points and locations at which the GPI-anchor might be
required.
In conclusion, the technique described here is a simple and
powerful method by which to study the roles of GPI-anchor or
GPI-anchored proteins. Their functions in other organs could be
tested with other organ-speci®c Cre transgenic mice.
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